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The  electrochemical  behavior  of  graphite  anodes,  coated  by  50-500  A-thick  Sn  layers,  is  discussed  in 
the  present  paper.  Morphology  and  structure  of  the  modified  electrode  surfaces  are  described,  and  the 
charge/discharge  behavior  is  evaluated  by  galvanostatic  cycles  at  temperatures  down  to  -30  °C.  The 
enhanced  kinetics  of  the  intercalation/deintercalation  process  is  studied  by  cyclic  voltammetry  and 
electrochemical  impedance  spectroscopy,  focusing  on  the  role  played  by  the  Sn  coatings  in  the  inter¬ 
calation/deintercalation  mechanism. 

The  results  show  that  the  metal  layers  modify  and  stabilize  the  electrode/electrolyte  interphase  and  that 
the  intercalation  process  is  mediated  by  reversible  Li-Sn  alloys  formation.  Moreover,  all  the  Sn  coatings 
are  effective  in  modifying  the  energy  barriers  related  both  to  the  Li+  desolvation  step  and  to  the  migration 
of  the  desolvated  Li+  ion  through  the  modified  surface  layers.  As  a  consequence,  the  overall  polarization 
for  the  charge-transfer  process  is  reduced,  and  enhanced  low-temperature  intercalation  performances 
are  obtained. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Since  the  introduction  of  Li-ion  batteries  technology,  graphite 
has  been  the  preferential  choice  as  active  material  for  the  negative 
electrode,  due  to  the  stability  of  the  electrode/electrolyte  inter¬ 
phase,  the  low  and  flat  operating  voltage,  and  the  high  specific 
capacity  [1].  Nevertheless,  graphite  anode  utilization  at  demand¬ 
ing  conditions,  such  as  high  charge-discharge  rates  or  very  low 
temperatures  (below  -20  °C)  is  hindered  by  a  severe  polarization 
that  forces  the  electrode  to  approach  metal  Li  deposition  poten¬ 
tial  before  the  intercalation  process  is  complete,  interrupting  the 
battery  charge  [2-5].  This  behavior  can  be  ascribed  to  ohmic  polar¬ 
ization  (related  to  bulk  electrode,  electrolyte  and  passivation  layer) 
and  to  kinetic  limitations  (involving  solid-state  diffusivity  of  Li+  or 
activation  of  the  charge-transfer  process). 

In  the  attempt  to  overcome  these  limitations,  electrode  coat¬ 
ing  with  thin  metal  or  metal  oxide  layers  has  been  proposed  as  a 
versatile  surface  modification  technique  [6-14].  It  has  been  demon¬ 
strated  that  physical  vapor  deposition  (PVD)  is  an  inexpensive  and 
simple  technique  for  the  coating  of  graphite  anodes  with  very  thin 
(50  A)  layers  of  a  wide  array  of  metals  (Ag,  Al,  Au,  Bi,  Cu,  In,  Ni, 
Pb,  Pd,  Sn,  Zn)  [15].  Among  them,  Cu-  and  Sn-coated  electrodes 
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have  shown  the  best  cycling  behavior  [16,17],  with  the  only  draw¬ 
back  of  an  increased  first  cycle  irreversible  capacity,  probably  due  to 
the  involvement  of  the  metal  surface  in  the  solid  electrolyte  inter¬ 
phase  (SEI)  formation.  Remarkable  results  have  been  obtained  at 
the  low  temperature  limit  (-30  °C),  with  reversible  capacities  up  to 
30%  and  40%  of  the  theoretical  value  for  Cu-  and  Sn-coated  anodes 
respectively.  Recently,  Cu  or  Sn  coatings  have  been  applied  to  other 
anodic  materials  as  anatase  Ti02,  confirming  an  improvement  of 
the  electrochemical  behavior  [18,19]. 

The  origin  of  improved  low-temperature  (low-T)  intercala¬ 
tion  ability  of  the  coated  graphite  anodes  and  the  mechanism  of 
migration  through  the  interfacial  metal  coatings  are  still  under 
investigation.  In  fact,  only  some  of  the  layered  metals  (as  Sn) 
are  able  to  form  reversible  alloys  with  Li,  actively  contributing  to 
the  charge  exchanged  by  the  electrodes.  In  addition,  even  when 
alloying  is  possible  the  contribution  to  capacity  is  not  relevant 
because  of  the  very  low  relative  amounts  of  metals  involved.  For 
other  metals  (as  Cu),  the  formation  of  intermetallic  compounds 
in  the  potential  windows  at  which  graphite  anodes  operate  is 
not  possible.  Nevertheless,  also  for  this  class  of  electrodes  the 
mass  transfer  of  Li+  through  surface  metal  layer  is  still  possible, 
because  of  vacant  spaces  in  the  metal  lattice  and  phonon-breathing 
phenomena  [20],  and  the  low-T  performances  are  improved  as 
well. 

With  the  aim  to  explain  this  behavior,  the  intercalation  kinet¬ 
ics  has  been  investigated  revealing,  for  both  Cu-  and  Sn-coated 
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electrodes,  a  dramatic  reduction  of  polarization.  This  has  been 
attributed  to  an  increase  of  conductivity  of  SEI  and  of  bulk  elec¬ 
trode  and,  mainly,  to  a  catalysis  toward  the  charge-transfer  process. 
The  catalytic  effect  has  been  confirmed  by  the  reduction  of  the 
related  activation  energy,  as  calculated  in  the  temperature  range 
20  to  -30°C  [17]. 

Charge-transfer  kinetics  of  electrodes  coated  by  Cu  layers  of 
thickness  in  the  range  50-500  A  has  been  evaluated  as  well  [21  ].  It 
has  been  confirmed  that  Cu  layers  can  catalyze  the  charge-transfer 
process,  but  at  the  same  time,  being  not  able  to  form  alloys  with 
Li,  they  can  partly  hinder  Li+  migration,  acting  as  physical  barriers, 
when  their  thickness  is  increased. 

Several  authors  have  investigated  the  charge-transfer  mecha¬ 
nism  at  the  interphase  between  graphite  electrodes  and  electrolyte, 
agreeing  that  the  desolvation  of  Li+  ions  at  electrode  surface  has  a 
strong  influence  in  the  related  kinetics  [22-25].  Very  recently,  Xu 
et  al.  [26]  demonstrated  that  the  activation  energy  for  the  charge- 
transfer  is  made  up  by  two  main  contributions.  One  is  related  to  the 
desolvation  of  Li+  ions,  and  can  be  ascribed  to  the  energy  necessary 
to  break  up  the  Li+  ion  solvation  sheet.  The  other  is  an  interphase 
contribution  due  to  Li+  ion  migration  through  SEI  toward  the  inter¬ 
calation  sites. 

In  this  context,  in  the  present  paper  we  evaluate  several  aspects, 
related  to  the  Sn  coatings,  that  may  affect  thermodynamics  and 
kinetics  of  Li  intercalation:  (i)  the  role  of  Sn  layers  in  modifying 
electrode/electrolyte  interphase;  (ii)  the  action  of  the  Sn  layers 
as  physical  barriers  and  the  mechanism  of  Li+  migration  through 
them;  (iii)  the  possible  contribution  to  reversible  capacity  given  by 
Li-Sn  alloys;  (iv)  the  Sn  catalytic  action  toward  the  charge-transfer 
process.  Charge/discharge  behavior  is  characterized  in  the  temper¬ 
ature  range  20  to  -30  °C  by  galvanostatic  chronopotentiometry. 
The  intercalation/deintercalation  kinetics  is  investigated  by  cyclic 
voltammetry  and  electrochemical  impedance  spectroscopy  in  the 
same  temperature  range. 


2.  Experimental 

Graphite  (Timrex  KS-15  by  Timcall,  specific  area  12m2g-1, 
average  particle  size  7.7  p,m,  interlayer  distance  3.36  A)  has  been 
vacuum  dried  overnight  at  200  °C  and  subsequently  mildly  oxi¬ 
dized  by  thermal  treatment  in  air  at  750  °C  for  45  min.  The  oxidation 
degree  has  been  roughly  estimated  by  weight  loss  (about  25-30%) 
and  by  oxygen  content  (about  11%)  as  determined  by  elemental 
analysis  (Fisons  EA1108CHNSO). 

The  electrodes  were  prepared  using  the  ‘doctor  blade’  technique 
that  allows  control  of  the  loading.  The  procedure,  detailed  else¬ 
where  [17],  lead  to  a  layer  of  graphite  electrode  containing  graphite, 
binder  (poly(vinylidene  fluoride),  PVDF  by  Aldrich)  and  conduc¬ 
tive  carbon  (Super-P  by  MMM  Carbon)  in  the  mass  ratio  85:10:5, 
with  a  loading  of  about  3  mg  cm-2.  Six  different  portions  were  cut 
from  the  graphite  electrode.  One  of  them  was  left  uncoated  and 
used  as  a  term  of  comparison  for  the  results  (anode  A),  while  the 
other  portions  (anodes  B-F)  were  coated  with  Sn  layers  of  different 
thicknesses  prepared  by  physical  vapor  deposition.  Suitable  cur¬ 
rents  were  applied  to  a  tungsten  crucible  holding  pure  Sn  metal, 
in  order  to  evaporate  the  metal  onto  the  graphite  substrates,  kept 
at  room  temperature.  The  growth  of  the  coatings  has  been  moni¬ 
tored  with  a  quartz  crystal  microbalance,  resulting  in  Sn  deposits 
of  thicknesses  of  50, 100, 150,  250,  500  A  for  electrodes  B,  C,  D,  E,  F 
respectively. 

Electrodes  morphology  was  investigated  using  a  Cambridge 
Stereoscan  mod.  360  scanning  electron  microscopy  (SEM), 
equipped  with  detectors  for  secondary  electrons  (SE),  backscat- 
tered  electrons  (BSE)  and  X-rays  (electron  probe  micro  analysis, 
EPMA). 


All  the  electrochemical  measurements  were  performed  by 
using  T-shaped  polypropylene  Swagelok-type  3-electrode  cells, 
equipped  with  stainless  steel  (SS304)  rods  as  current  collectors. 
Two  polypropylene  films  (Celgard  2300,  Celanese  Co.)  were  used  as 
separators.  The  electrolyte  was  1  M  LiPF6  in  ternary  EC:DEC:DMC 
1:1:1  (LP71  by  Merck).  The  ternary  electrolyte  system  has  been 
used  in  order  to  allow  low-temperature  measurements  without 
any  complications  due  to  solvent  freezing  [27,28].  High  purity  Li 
(Aldrich)  was  used  to  prepare  counter  and  reference  electrodes. 
The  cells  were  assembled  in  an  Ar-filled  glove  box,  with  02  and 
H20  contents  below  10  ppm,  cycled  3  times  at  C/3  rate  in  order 
to  allow  a  complete  and  homogeneous  SEI  formation,  and  then 
opened  to  evacuate  any  possible  gases  developed  during  the  forma¬ 
tion  of  passivation  layer.  The  cells  were  finally  sealed  and  brought 
out  of  the  box  to  complete  the  electrochemical  investigation  in 
a  programmable  freezer  able  to  control  the  temperature  within 
±1  °C. 

The  electrochemical  measurements  have  been  performed  by 
using  a  VMP2/Z  multi-channel  electrochemical  workstation  (Bio- 
Logic,  France).  The  cells  were  cycled  between  0.01  and  1.5  V  at 
C/5  rate  at  six  different  temperatures  in  the  range  20  to  -30  °C. 
Cyclic  voltammetries  were  performed  at  a  very  slow  scan  rate 
(10  |jiV s-1 )  at  20°C  in  the  potential  range  0.01 -0.3  V.  Impedance 
measurements  were  acquired  at  temperatures  between  20  and 
-30  °C  in  the  frequency  range  3  mHz  to  100  kHz,  by  superimpos¬ 
ing  a  sinusoidal  perturbation  of  ±5  mV  over  the  bias  potential 
of  0.09  V.  All  the  potentials  are  given  vs.  Li+/Li  redox  couple. 
For  sake  of  comparison,  all  the  values  of  current,  capacity  and 
impedance  have  been  normalized  to  the  active  masses  of  the 
electrodes. 

Ex  situ  19F  solid-state  magic-angle-spinning  nuclear  magnetic 
resonance  (MAS-NMR),  performed  on  powders  scraped  from  cycled 
anodes  A  and  B,  was  carried  out  on  a  Varian  Direct  Digital  Drive 
spectrometer  operating  at  a  field  strength  of  7.1  T.  Spectra  were 
gathered  at  room  temperature  from  1000  to  2000  signal  averaged 
transients  (with  a  spinning  rate  of  22  kHz,  single-pulse  n\ 2  exci¬ 
tation  pulse  width  of  1.6  pus  along  with  a  minimum  of  15  s  recycle 
delay  between  transients  to  prevent  sample  saturation).  Aqueous 
Li+C19F3S03_  was  used  as  a  reference  (5  =  0),  as  this  resonance 
occurs  -78.5  ppm  from  CC1319F. 


3.  Results  and  discussion 

3.1.  Morphological  and  chemical  characterization  of  electrode 
surface 

Scanning  electron  microscopy  was  used  to  investigate  topog¬ 
raphy  and  composition  of  electrodes.  Fig.  la-e  shows  the  SE 
micrographs  obtained  with  electrodes  respectively  coated  by  0, 50, 
100,  150,  250  A  (electrodes  A,  B,  C,  D,  E)  of  Sn.  All  the  electrodes 
appear  made  by  uniform  dispersions  of  graphite  flakes  of  microm¬ 
eter  size.  No  inhomogeneities  of  Sn  coatings  are  evidenced.  On  the 
contrary,  the  SE  micrograph  of  electrode  F  (Fig.  If)  reveals  a  rough 
structure  of  the  surface  that,  as  confirmed  by  BSE  micrograph  in 
Fig.  lg,  can  be  attributed  to  some  dendritic  accumulation  of  Sn, 
probably  formed  because  of  the  relatively  high  thickness  of  the 
metal  layer. 

Fig.  lh  shows  the  results  of  electron  probe  microanalysis  aver¬ 
aged  on  the  whole  area  scanned  by  the  electron  beam.  The  peaks 
related  to  Lal  and  L ^  emission  lines  of  Sn  (4.5  keV)  have  been  taken 
into  account,  giving  a  calibration  line  in  which  the  integrated  sig¬ 
nals  are  reported  as  a  function  of  Sn  coatings  thickness.  Apart  a 
constant  bias  due  to  bremsstrahlung  radiation,  and  random  errors 
due  to  the  relatively  poor  counting  statistics  (acquisition  time  was 
100  s  per  spectrum),  the  values  can  be  interpolated  by  a  straight 
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Fig.  1.  (a-f)  Secondary  electrons  micrographs  of  electrodes  A-F  coated  by  Sn  layers  of  different  thicknesses  (0,  50, 100, 150,  250,  500  A),  (g)  Backscattered  electrons  image 
of  electrode  F.  (h)  Areas  of  convolutions  of  Sn-La2  and  Sn-Lp!  X-ray  peaks  (~4.5  keV). 


line,  confirming  the  effectiveness  and  the  reliability  of  the  PVD 
process. 

19F  MAS-NMR  was  used  in  order  to  gain  insight  into  the  impact 
of  Sn  coatings  on  passivation  layer  chemistry.  For  both  anodes, 
the  main  signal  as  seen  in  Fig.  2  at  8  =  43  ppm  is  due  to  the  over¬ 
lapping  of  resonances  from  PF6~  anion  and  PVDF  binder,  while  a 
background  signal  from  polytetrafluoroethylene  (PTFE)  in  the  NMR 
probe  is  located  near  -50  ppm.  Also  observed  for  the  uncoated  elec¬ 
trode  A  is  a  small  signal  located  near  -125  ppm.  This  feature  has 
been  observed  in  studies  of  Li/CFX  primary  cells  and  is  attributed  to 
the  irreversible  formation  of  LiF  on  discharge  [29].  In  the  present 
case,  the  presence  of  LiF  is  indicative  of  LiPF6  decomposition,  a 
process  usually  accelerated  by  water  [30].  The  fact  that  the  LiF  fea¬ 
ture  is  not  evident  in  the  case  of  the  50  A  Sn-coated  electrode  B 
(while  present  for  electrode  A)  suggests  that  the  Sn  coating  may  be 
effective  in  preventing  LiPF6  decomposition,  caused  by  moisture 
traces  eventually  contained  at  ppm  level  in  the  solvent  and/or  in 
the  glove-box  atmosphere. 

3.2.  Charge/discharge  behavior 

Cycle  life  of  anodes  A-F  has  been  evaluated,  at  a  temper¬ 
ature  of  20  °C,  by  galvanostatic  cyclations  performed  at  C/5 


Fig.  2.  Ex  situ  NMR  spectra  of  un-coated  (A)  and  50  A  Sn-coated  (B)  anodes.  Reference 
line  =  Li+CF3S03_  resonance  line  @  -78.5  ppm  from  CC13F. 


charge/discharge  rate,  in  the  potential  range  0.01 -1.5  V.  In  Fig.  3 
the  reversible  capacity  values  are  reported.  All  the  electrodes 
exhibit  stable  capacities  over  40  cycles.  For  all  the  anodes 
the  reversible  capacities  are  close  to  the  graphite  theoretical 
value  of  372mAhg_1,  with  only  slightly  lower  values  (about 
340-350  mAh  g-1)  for  the  electrodes  E  and  F,  coated  by  the  thick¬ 
est  Sn  layers  (250  and  500  A  respectively).  These  values,  detailed  in 
Table  1,  suggest  that  when  thicker  metal  coatings  are  applied  over 
the  electrode  surface,  the  interphase  can  partly  act  as  a  mechanical 
barrier  against  Li  intercalation  and  deintercalation  [26].  The  kinetic 
aspects  related  to  this  behavior  are  detailed  in  the  following  of  the 
paper. 

Table  1  also  evidences  that  the  first  cycle  irreversible  capacity 
increases  when  the  anodes  are  coated  by  Sn.  This  behavior  can  be 
ascribed  to  two  main  causes.  First,  a  possible  irreversible  reaction 
between  Li+  and  surface  tin  oxides  SnO  or  Sn02,  that  could  have 
been  formed  either  because  of  the  exposure  to  the  air  of  the  elec¬ 
trodes  during  their  fabrication  or  by  reaction  of  the  Sn  layer  with 


Fig.  3.  Reversible  capacity  of  electrodes  A-F.  T=  20 °C,  0.01  <F<  1.5V,  and 
charge/discharge  rate  =  C/5. 


246 


F.  Nobili  et  al.  /  Journal  of  Power  Sources  198  (2012)  243-250 


Table  1 

Summary  of  irreversible  and  reversible  specific  capacities  (mAhg-1 )  for  electrodes 
A-F.  T=  20  °C. 


Electrode 

Sn  layer 
thickness/A 

1st  cycle  irrev. 
capacity  at  C/3 

Reversible 
capacity  at  C/5 

Li-Sn  theoretical 
capacity3 

A 

0 

84 

367 

0 

B 

50 

135 

371 

1 

C 

100 

139 

369 

2 

D 

150 

113 

368 

4 

E 

250 

153 

348 

6 

F 

500 

140 

339 

12 

aThe  theoretical  contributions  of  Li-Sn  alloying  to  the  capacity  of  the  electrodes 
have  been  calculated  by  taking  into  account  Li22Sn5  formation  and  are  normal¬ 
ized  to  the  overall  mass  of  the  active  materials  (graphite  and  Sn)  of  the  electrodes 
(loading  =  3  mg  cm-2 ). 

the  traces  of  moisture  contained  in  the  electrolyte.  Second,  the  for¬ 
mation  of  a  modified  passivation  layer  that  may  also  involve  the  Sn 
metal  in  contact  with  the  electrolyte. 

The  amounts  of  metal  that  cover  the  electrodes  are  very  low, 
with  mass  ratios  Smgraphite  in  the  range  0.12-1.2%,  as  calculated 
taking  into  account  the  loading  of  graphite  (3  mg  cm-2)  and  the 
thicknesses  of  the  Sn  layers  (0-500  A).  As  a  consequence,  the  the¬ 
oretical  contribution  of  Li-Sn  alloying  to  the  charge  exchanged  by 
the  electrodes  is  never  relevant,  as  evidenced  in  Table  1.  The  actual 
contribution  of  Sn  to  reversible  and  irreversible  processes  can  be 
evaluated  by  the  differential  analysis  of  the  intercalation  profiles 
of  the  electrodes  coated  by  thicker  metal  layers.  Fig.  4  shows  the 
dQJdE  differential  profiles,  at  different  magnification  levels,  corre¬ 
sponding  to  selected  galvanostatic  cycles  of  electrode  F,  coated  by 
a  500  A  Sn  layer. 

Two  peaks  related  to  irreversible  processes  can  be  identified  at 
about  1 V  and  0.75  V  during  the  first  intercalation.  They  correspond, 
respectively,  to  the  irreversible  reaction  of  Li+  with  tin  oxides  SnO 
or  Sn02  [31]  and  to  the  formation  of  the  solid  electrolyte  inter¬ 
phase  (SEI)  over  the  electrode  surface.  The  SEI  formation  process 
extends  to  lower  potentials  contributing  to  a  relevant  background 
down  to  0.25  V.  Below  this  potential,  the  peaks  related  to  the  for¬ 
mation  of  Li-graphite  intercalation  compounds  (GICs)  are  the  only 
features  evidenced.  The  subsequent  cycles  are  only  characterized 
by  reversible  peaks  which  can  be  ascribed  to  the  Li  intercalation 
into  graphite,  the  main  processes  in  the  range  0.25-0.01  V  [32], 
and  to  Li-Sn  reversible  alloying  occurring  at  voltages  below  0.75  V 
[31 ,33,34].  This  demonstrates  that  reversible  intermediates,  related 


Fig.  4.  dQJdE  differential  plots  of  selected  galvanostatic  cycles  of  electrode  F. 
T=  20  °C.  Charge/discharge  rates  =  C/3  for  cycles  1  -3,  C/5  for  cycles  1 6, 33. 


T/°C 

Fig.  5.  Specific  capacity  as  a  function  of  temperature  and  Sn  layer  thickness. 
Charge/discharge  rate  =  C/5,  0.01  <  E  <  1 .5  V. 


with  inter-metallic  Li-Sn  reactions,  are  formed  at  the  electrode 
surface. 

These  findings  evidence  a  major  differentiation  with  the  inter¬ 
calation  behavior  already  observed  for  Cu-coated  graphite  anodes 
[20],  where  Li+  migration  is  allowed  only  by  phonon-breathing  phe¬ 
nomena  and  lattice  vacancies.  In  the  present  case,  the  migration  of 
Li+  through  Sn  layers  and  the  subsequent  GICs  formation  can  be 
described  as  an  alloy-mediated  intercalation.  After  Li+  desolvation 
and  adsorption  at  electrode  surface  [17,22-26],  Li-Sn  alloys  start 
to  reversibly  form  at  electrolyte/Sn  interphase,  forming  a  moving¬ 
boundary  that  reaches  Sn/graphite  interphase,  where  lithium  is 
transferred  to  the  graphite  intercalation  sites. 

In  addition,  the  reversibility  of  the  processes  upon  cycling 
reveals  that,  at  least  under  the  experimental  conditions  here 
adopted,  the  Sn  layers  are  mechanically  stable.  This  behavior  can  be 
tentatively  explained  with  the  low  thicknesses  of  the  Sn  coatings 
(5-50  nm).  It  may  be  hypothesized  that  metal  layers  at  this  level  of 
thickness  are  able  to  accommodate  the  large  relative  volume  vari¬ 
ations  usually  associated  with  Li-Sn  alloying/dealloying  processes 
[34-36]. 

Fig.  5  shows  the  trends  of  the  reversible  capacity  of  the  elec¬ 
trodes  in  the  temperature  range  between  20  and  -30  °C.  At  each 
temperature  the  capacity  has  been  calculated  as  the  average  value 
of  five  subsequent  cycles,  performed  at  C/5  charge/discharge  rate 
between  0.01  and  1.5  V.  In  the  temperature  range  20-0  °C  the 
capacity  values  are  comparable  for  all  the  electrodes,  but  when 
the  temperature  is  progressively  lowered  to  -10,  -20,  -30  °C 
some  differentiations  arise.  The  most  relevant  result  is  that  the 
uncoated  electrode  always  exhibits  the  worst  behavior,  with  capac¬ 
ities  of  200 mAhg-1  at  -20 °C  and  about  OmAhg-1  at  -30 °C.  On 
the  contrary,  all  the  coated  electrodes  show  reversible  capacities 
between  250  and  300 mAhg-1  at  -20 °C  and  between  100  and 
150 mAhg-1  at  -30 °C.  Such  high  values,  as  already  evidenced  in 
Fig.  4,  cannot  be  attributed  to  extra  contributions  of  Li-Sn  alloys 
to  reversible  capacity,  but  rather  to  an  effect  of  the  metal  lay¬ 
ers  in  reducing  the  overall  electrode  polarization,  that  allows  to 
accommodate  higher  amounts  of  Li  before  the  cut-off  potential 
( 1 0  mV)  is  approached.  These  results  confirm  our  previous  findings 
that  showed  higher  low-temperature  capacities  for  metal-graphite 
composite  electrodes.  We  explained  this  behavior  claiming  two 
main  processes,  both  related  to  the  presence  of  the  metal  layers. 
Namely,  (i)  a  reduction  of  the  ohmic  polarization  caused  by  the  SEI 
and  the  bulk  electrode  and  (ii)  a  beneficial  catalytic  effect  on  the 
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Fig.  6.  Cyclic  voltammograms  of  electrodes  A-F.  T=  20  °C  and  scan  rate  =  1 0  jjlV  s-1  . 
The  voltammograms  are  shifted  along  E  axis  for  sake  of  comparison. 

charge-transfer  process  regarding,  specifically,  the  lithium-ion  des¬ 
olvation  step  [15-17,21]. 

3.3.  Cyclic  voltammetry 

In  order  to  gain  insight  into  the  effects  of  Sn  layers  toward 
intercalation/deintercalation  kinetics  of  the  anodes,  cyclic  voltam¬ 
metry  (CV)  has  been  performed  in  the  potential  range  0.01-0.3  V 
at  very  slow  scan  rate  (lOpA/s-1).  Fig.  6  shows  the  voltammetric 
profiles  of  electrodes  A-F.  The  mean  values  (Epmean  in  Table  2)  of 
the  intercalation  and  deintercalation  peak  potentials,  related  to  the 
three  main  processes,  are  comparable  for  all  the  electrodes,  and 
scattered  of  only  few  mV  around  the  typical  equilibrium  poten¬ 
tials  for  LiC6/LiCi2,  LiCi2/LiC27,  LiC36/LiC72  systems.  This  confirms 
that  the  metal  coatings  have  no  impact  on  thermodynamics  of 
Li-graphite  intercalation  compounds  (GICs)  formation.  When  the 
shape  of  the  voltammograms  is  taken  into  account,  all  the  coated 
electrodes  exhibit  sharper  and  higher  peaks  than  the  uncoated 
one,  which  can  be  regarded  as  a  signature  of  faster  intercala¬ 
tion/deintercalation  kinetics.  This  is  confirmed  by  the  analysis  of 
the  separations  between  the  anodic  and  cathodic  potentials  of  the 
three  GICs  formation  processes  (A E  =  Epan  -Epcath  in  Table  2).  A E 
values  are  strongly  reduced  when  the  coatings  are  applied.  For 
LiC36/LiC72  equilibrium  A E  corresponds  to  28  mV  for  un-coated 
electrode,  while  it  never  exceeds  20  mV  for  the  coated  ones.  For 
the  LiCi2/LiC27  and  LiC6/LiCi2  equilibria  the  kinetics  improvements 
are  even  more  marked,  since  the  A E  values  are  respectively  of  51 
and  58  mV  for  the  un-coated  electrode,  while  they  never  exceed 
45  and  48  mV  for  the  coated  anodes.  Among  the  coated  anodes,  the 
largest  A E  is  consistently  found  for  the  500  A  Sn-coated  anode.  This 


Table  2 

Mean  values  (Fpmean)  and  distances  (AF)  between  anodic  and  cathodic  potentials 
(mV)  of  the  main  CV  peaks  for  electrodes  A-F. 


Electrode 

LiC6/LiC12 

LiCi2/LiC27 

LiC36/LiC72 

Ep  mean 

AF 

Ep  mean 

AF 

Ep  mean 

AF 

A 

95 

58 

130 

51 

216 

28 

B 

91 

28 

131 

35 

216 

15 

C 

96 

38 

131 

31 

216 

20 

D 

93 

36 

128 

33 

207 

10 

E 

86 

22 

128 

35 

214 

16 

F 

100 

48 

134 

45 

219 

20 

suggests  that,  at  higher  thickness  values,  the  reduction  in  polariza¬ 
tion,  induced  by  the  catalytic  effect  of  metal  layer  toward  the  Li+ 
ion  desolvation,  may  be  partly  balanced  by  a  reduced  mobility  of 
Li+  ion  through  thicker  metal  layers,  that  represent  the  interphase 
between  electrolyte  and  active  graphite.  The  observed  behavior  is 
in  agreement  with  the  findings  by  Abe  [24,25]  and  Xu  [22,23,26,37]. 
These  authors  demonstrated  that  the  charge-transfer  kinetics  is 
bound  to  the  chemistry  of  electrolyte  and  SEI,  and  that  the  acti¬ 
vation  energy  of  the  process  is  made  up  by  two  main  contributions 
related  to  two  subsequent  steps:  (i)  the  complete  desolvation  of 
the  Li+  ion  adsorbed  at  the  electrode  surface  (in  accordance  with 
the  ‘adatom’  model  by  Bruce  and  Sa'fdi  [38])  and  (ii)  the  migration 
through  the  interphase.  In  the  cited  papers,  an  interphase  made 
only  of  electrolyte  decomposition  products  (SEI)  was  considered, 
and  the  effects  of  the  electrolyte  composition  onto  both  passiva¬ 
tion  layer  chemistry  and  Li+  ion  desolvation  rate  were  taken  into 
account  [23,26].  In  the  present  case,  the  Sn  layers  are  involved  in 
the  surface  layer,  so  that  their  impact  toward  the  rates  of  desol¬ 
vation  and  migration  through  the  modified  electrode/electrolyte 
interphase  has  to  be  considered. 

3.4.  Electrochemical  impedance  spectroscopy 

Electrochemical  impedance  spectroscopy  has  been  performed 
at  various  temperatures  ranging  from  20  to  -30  °C,  in  the  attempt 
to  evaluate  the  different  contributions  of  the  Sn  coatings  to  the 
intercalation/deintercalation  kinetics.  The  impedance  dispersions 
have  been  acquired  in  the  frequency  range  3mFIz  to  lOOkFIz  at 
0.09  V,  corresponding  to  the  equilibrium  potential  between  LiC6 
and  LiCi2  phases. 

Fig.  7a-f  shows  the  impedance  dispersions  of  all  the  electrodes 
under  examination  at  three  relevant  temperatures:  20  °C  (panels  a 
for  electrode  A  and  B  and  b  for  electrodes  C-F),  0  °C  (panels  c  and  d), 
and  -30  °C  (panels  e  and  f).  Similar  dispersions  have  been  obtained 
at  the  other  investigated  temperatures  and  are  not  shown  here  for 
sake  of  brevity.  Some  features  are  common  to  the  Nyquist  plots  of 
every  electrodes:  (i)  a  line  at  low  frequencies  related  to  the  diffusion 
toward  a  blocking  electrode,  with  a  more  or  less  pronounced  inflec¬ 
tion  that  describes  Li+  ion  diffusion  through  heterogeneous  media 
{i.e.  graphite,  metal  layers,  solid  electrolyte,  liquid  electrolyte  in  the 
graphite  pores)  [15,39,40];  (ii)  a  semicircle  at  medium  frequencies 
related  to  the  interfacial  charge-transfer  and  to  the  formation  of 
the  electrical  double  layer;  (iii)  an  arc  at  high  frequencies  related  to 
the  accumulation  of  charge  at  the  surface  and  conduction  through 
the  SEI;  (iv)  an  intercept  with  the  real  axis  related  to  the  resistance 
of  the  electrolyte.  The  electrolyte  contribution,  of  few  Ohms  for  all 
the  electrodes,  has  been  subtracted  from  the  shown  Nyquist  plots 
in  order  to  ease  the  comparison  between  the  other  features. 

All  the  dispersions  have  been  fitted  to  an  equivalent 
circuit  already  used  to  model  the  data  obtained  with  sev¬ 
eral  metal-graphite  composite  anodes  [15-17,21].  The  circuit 
may  be  written,  by  using  the  Boukamp’s  notation  [41],  as 
^ei(^SEiCSEi)(^ctCdi)W,  where  Reh  Rs ei  and  Rct  represent  the  resis¬ 
tances  respectively  associated  with  electrolyte,  passivation  layer 
and  charge-transfer  process,  CSei  and  Cdl  describe  the  capacitances 
of  passivation  layer  and  double  layer,  W  is  the  Warburg  impedance 
due  to  diffusion.  In  the  fitting  procedure,  all  C  and  W  elements 
have  been  substituted  with  constant  phase  elements  Q.  in  order 
to  take  into  account  any  deviations  from  ideal  behavior,  due  to 
inhomogeneities  and  roughness  in  composition  and  morphology 
of  electrodes  and  passivation  layers  [42].  The  x2  values  obtained 
were  in  all  cases  of  the  order  of  10-5,  confirming  the  reliability  of 
the  model. 

Fig.  8  shows  the  values  of  the  passivation  layer  resistance  Rs ei 
at  various  temperatures.  Since  the  medium-frequency  semicircles 
tends  to  partly  overlap  with  the  high-frequency  arcs  related  to  the 
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Fig.  7.  Nyquist  plots  recorded  at  20,  0,  -30  °C  for  electrodes  A  and  B  (panels  a,  c,  e)  and  C-F  (panels  b,  d,  f).  F  =  0.09  V,  0.003  </<  100,000  Hz.  Some  characteristic  frequencies 
are  shown  in  panel  (b)  for  electrode  C  (-A-),  coated  by  a  100-A  Sn  layer. 


Fig.  8.  Values  of  SEI  resistances  at  selected  temperatures  as  a  function  of  the  thick¬ 
ness  of  the  Sn  layers  coating  the  electrodes  A-F.  E  =  90  mV. 


SEI,  the  fitting  procedure  may  lead,  especially  at  low  temperatures, 
to  results  that  are  affected  by  some  bias.  However,  at  every  tem¬ 
peratures  a  reduction  of  the  SEI  resistance,  as  the  thickness  of  Sn 
coatings  is  increased,  can  be  observed.  By  taking  in  account  second 
Ohm’s  law  R  =  p*//S,  the  Sn  coatings  may  affect  all  the  three  param¬ 
eters  that  contribute  to  the  overall  resistance.  Since  it  has  been 
supposed  that  Sn  takes  directly  part  in  the  formation  of  a  modified 
passivation  layer,  it  may  be  expected  that  thicker  Sn  coatings  lead 
to  higher  values  for  the  overall  SEI  thickness  /.  As  a  consequence,  a 
reduction  in  p  and/or  an  increase  in  S  must  be  invoked  to  explain 
the  Rsei  reduction  exhibited  by  thicker  Sn  coatings.  Both  p  reduction 
and  S  increase  are  consistent  with  the  composition  and  morphology 
of  the  anodes  under  investigation.  In  fact,  the  incorporation  of  the 
metal  coating  in  a  passivation  layer  otherwise  made  of  fluorides, 
polymers  and  LiOC-compounds  [43]  may  lead  to  a  decrease  in  its 
specific  resistivity  p.  On  the  other  hand,  Sn  coatings  may  induce 
modifications  of  the  morphology  of  the  interphase,  with  a  possible 
modification  of  the  surface  area  S.  The  higher  irreversible  capaci¬ 
ties  (Table  1)  and  the  rough  morphologies,  evidenced  in  the  SEM 
micrographs  by  all  the  Sn-coated  anodes  (Fig.  la-e)  and  especially 
by  electrode  F  (Fig.  If  and  g),  are  compatible  with  an  increased  area 
of  the  electrode/electrolyte  interphase. 

Fig.  9  shows  the  Rc t  values  as  function  of  Sn  coating  thickness. 
At  all  the  temperatures,  the  un-coated  anode  A  exhibits  the  largest 
charge-transfer  resistance.  For  all  the  coated  anodes  B-F  the  val¬ 
ues  are  about  one  order  of  magnitude  lower.  The  kinetics  of  the 
charge-transfer  process  is  improved  because  of  the  higher  elec¬ 
tronic  density  conferred  to  the  surface  by  the  Sn  coatings.  This 
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Fig.  9.  Values  of  charge-transfer  resistances  as  a  function  of  the  temperature  and  of 
the  thickness  of  the  Sn  layers  coating  the  electrodes  A-F.  E  =  90  mV. 

enhances  nucleophilicity  of  electrode  surface  and  catalyzes  the 
complete  removal  of  solvation  atmosphere  from  intercalating  Li+ 
ions  [15-17]. 

Nevertheless,  as  was  the  case  for  Cu-coated  graphite  anodes 
[21  ],  at  any  temperature  the  graph  Rc t  vs.  coating  thickness  exhibits 
a  non-monotonous  behavior,  with  maxima  and/or  minima.  This 
confirms  that  two  different  trends  tend  to  overlap  when  the  thick¬ 
ness  of  metal  coatings  is  increased.  First,  the  desolvation  of  Li+  ions 
is  enhanced  by  higher  amounts  of  Sn,  as  the  electronic  density,  that 
catalyzes  the  process,  is  enriched  and  at  the  same  time  the  area 
of  the  active  electrode  surface  is  increased  (as  confirmed  by  the 
roughness  of  the  surface,  by  the  increase  in  irreversible  capacity 
and  by  the  reduction  in  RSei)-  On  the  other  hand,  the  migration 
through  the  surface  layer  is  partly  hindered,  since  the  Li+  ion  must 
travel  a  longer  path  through  Sn  interphase  before  reaching  graphite 
intercalation  sites.  The  final  result  is  that,  apart  minor  experimental 
deviations,  at  all  the  temperatures  the  charge-transfer  resistance  is 
reduced  when  the  Sn  layer  thickness  is  increased  up  to  250  A,  while 
for  500  A  coatings  a  slight  increase  of  Rct  is  generally  observed. 

Taking  into  account  the  activation  energies  related  to  interfa¬ 
cial  charge-transfer  can  validate  the  hypothesis  of  this  dual  role 
of  Sn  layers.  Since  charge-transfer  is  an  activated  process,  the 
dependence  of  Rc t,  and  of  exchange  current  density  i0~l/Rct, 
on  temperature  T  can  be  described  in  terms  of  Arrhenius  plots 
of  the  type  l/Rct=Aexp(-Ea/RT),  where  A,  Ea  and  R  represent, 
respectively,  a  pre-exponential  factor,  the  activation  energy  for  the 
charge-transfer  and  the  universal  constant  of  gases.  The  Arrhenius 
plots  for  electrodes  A-F  and  the  corresponding  Ea  values  are  shown 
in  Fig.  10. 

As  for  Rct,  a  non-monotonous  trend  of  Ea  vs.  layer  thickness  is 
observed  in  the  inset.  This  confirms  that  two  main  contributions 
build  up  in  determining  the  overall  ‘ion  transfer  barrier’  [26],  i.e. 
the  one  related  to  the  desolvation  of  the  Li+  adsorbed  ion  and  the 
one  determined  by  the  migration  through  the  interphase  between 
active  graphite  sites  and  electrolyte.  For  both  contributions,  the  val¬ 
ues  depend  on  interphase  chemistry,  that  is  in  turn  determined  by 
the  chemistry  of  electrolyte  and  of  anode  surface.  In  the  cited  paper 
[26],  Xu  et  al.  calculated  the  energy  barrier  due  to  Li+  ion  desolva¬ 
tion  as  a  baseline  value  around  50  kj  mol-1 ,  and  the  barrier  due  to 
the  migration  through  the  interphase  as  an  extra  contribution  of 
about  10-20kJ  mol-1,  depending  on  electrolyte  composition. 

In  the  present  case,  the  interphase  between  electrolyte  and 
intercalating  graphite  is  modified  by  the  Sn  coating,  that  has  a 


Fig.  10.  Arrhenius  plots  related  to  exchange  current  density  (~1/Fct).  The  calculated 
activation  energy  values  are  shown  in  the  inset. 


catalytic  role  and  takes  part  both  in  SEI  and  in  Li-Sn  intermetal- 
lic  compounds  formation.  The  un-coated  electrode  exhibits  an 
activation  energy  of  about  57kJmol-1.  This  value  is  comparable 
with  the  values  reported  by  Xu  et  al.  [26]  and  may  be  consid¬ 
ered  in  the  present  case  as  a  reference  value  for  graphite  anodes, 
containing  contributions  only  from  Li+  desolvation  and  migration 
through  a  ‘classical’  SEI.  When  Sn  layers  cover  graphite,  they  affect 
both  contributions  to  the  overall  energy  barrier  for  intercalation. 
In  fact,  desolvation  of  the  adsorbed  Li+  ion  is  catalyzed  at  elec¬ 
trode  surface  (as  already  demonstrated  for  other  graphite/metal 
composite  anodes  in  Refs.  [15-17,21]).  As  the  amount  of  Sn  is 
increased,  the  area  and  the  electronic  density  of  the  catalytic  sur¬ 
face  are  increased  as  well,  and  the  ‘desolvation  contribution’  to 
the  activation  energy  is  reduced.  At  the  same  time,  thicker  Sn  lay¬ 
ers,  other  than  modifying  the  resistivity  of  the  interphase  (Fig.  7), 
tend  to  increase  the  length  of  the  migration  path.  This  affects  the 
‘interphase  contribution’  to  the  activation  energy,  with  the  final 
result  that  the  overall  energy  barrier  exhibit  the  non-monotonous 
behavior  reported  in  Fig.  9b.  Up  to  100  A  (electrodes  B  and  C), 
the  desolvation  and  the  interphase  contributions  act  in  the  same 
direction,  both  reducing  the  overall  activation  energy  to  around 
35kJmol-1.  When  the  thickness  is  further  increased  up  to  250  A 
(electrodes  D  and  E),  the  value  is  slightly  increased  to  values  about 
45kJmol-1,  confirming  that  desolvation  and  interphase  contribu¬ 
tions  tend  to  balance  themselves.  Finally,  for  the  500  A  Sn-coated 
electrode  the  overall  energy  barrier  is  further  reduced,  probably 
because  at  these  high  Sn  levels  the  inhomogeneous  distribution 
of  the  metal  coating  (revealed  by  SEM,  Fig.  If  and  g)  produces 
a  rougher  surface,  with  higher  catalytic  activity  toward  desolva¬ 
tion,  while  at  the  same  time  the  inhomogeneous  thickness  of  the 
layer  does  not  hinder  too  much  the  migration  through  the  inter¬ 
phase.  The  widening  of  the  error  bars  confirms  that  the  electrode 
surface  tends  to  become  less  homogeneous,  and  consequently  the 
kinetics  less  predictable,  when  the  thickness  of  Sn  coatings  is 
increased. 

Finally,  it  is  worth  noting  that  the  activation  energy  values  calcu¬ 
lated  for  Sn-coated  anodes  are  generally  lower  than  those  observed 
for  Cu-coated  anodes  [21  ].  This  is  due  to  the  different  lithium  migra¬ 
tion  mechanisms  involved.  In  fact,  Li+  can  cross  Cu  layers  only  by 
exploiting  lattice  vacancies  or  vibrations.  As  a  consequence,  the 
energy  barrier  due  to  the  lithium  migration  through  the  metal 
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interphase  is  higher  for  Cu  than  for  Sn  coatings,  where  reversible 
Li-Sn  alloying  processes  assist  the  migration. 

4.  Conclusions 

The  relatively  easy  and  cheap  technique  of  physical  vapor  depo¬ 
sition  allowed  the  preparation  of  Sn/graphite  composite  anodes 
that  deliver,  at  very  low  temperatures,  much  better  intercalation 
performances  than  un-modified  graphite. 

The  characterization  of  thermodynamics  and  kinetics  of  the 
intercalation  process  revealed  that  Li  transport  through  the  Sn 
interphase  is  assisted  by  local  Li-Sn  alloying/dealloying  processes, 
that  however  do  not  significantly  contribute  to  reversible  capacity. 
The  increase  of  performances  has  been  explained  as  a  combination 
of  several  effects  due  to  the  Sn  layers.  In  fact,  the  metal  coatings  are 
effective  both  in  preventing  electrolyte  decomposition  by  moisture 
traces  and,  mainly,  in  enhancing  intercalation  kinetics  of  Li+  ion. 
The  electrochemical  impedance  spectroscopy  revealed  that  the  Sn 
coatings  affect  the  energy  barrier  contributions  related  both  to  the 
desolvation  step  and  to  the  migration  through  electrode/electrolyte 
interphase.  This  dual  action  allowed  to  explain  the  dependence  of 
charge-transfer  resistance,  and  of  the  related  activation  energy,  on 
Sn  coatings  thickness. 
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